An 18-yr time series of the fraction of absorbed photosynthetically active radiation (fAPAR) taken in by the green parts of vegetation data from the NOAA Advanced Very High Resolution Radiometer (AVHRR) instrument series was analyzed for interannual variations in the start, peak, end, and length of the season of vegetation photosynthetic activity in central and east Siberia. Variations in these indicators of seasonality can give important information on interactions between the biosphere and atmosphere. A second-order local moving window regression model called the "camelback method" was developed to determine the dates of phenological events at subcontinental scale. The algorithm was validated by comparing the estimated dates to phenological field observations. Using spatial correlations with temperature and precipitation data and climatic oscillation indices, two geographically distinct mechanisms in the system of climatic controls of the biosphere in Siberia are postulated: central Siberia is controlled by an "Arctic Oscillation-temperature mechanism," while east Siberia is controlled by an "El Niño-precipitation mechanism." While the analysis of data from 1982 to 1991 indicates a slight increase in the length of the growing season for some land-cover types due to an earlier beginning of the growing season, the overall trend from 1982 to 1999 is toward a slightly shorter season for some land-cover types caused by an earlier end of season. The Arctic Oscillation tended toward a more positive phase in the 1980s leading to enhanced high pressure system prevalence but toward a less positive phase in the 1990s. The results suggest that the two mechanisms also control the fire regimes in central and east Siberia. Several extreme fire years in central Siberia were associated with a highly positive Arctic Oscillation phase, while several years with high fire damage in east Siberia occurred in El Niño years. An analysis of remote sensing data of forest fire partially supports this hypothesis.
Introduction a. Goal of this study
Northern Eurasia is particularly vulnerable to climate change because its ecosystems are largely temperature controlled and the largest increases in temperatures are predicted to occur in high latitudes; these increases can be double the temperature increases in the Tropics. Consequences of the expected warming trend include shifts in the seasonality of the growing season (vegetation phenology) and potentially an increase in fire frequency and damage. This study aims to undertake an identification of potential coupling mechanisms between large-scale climate patterns (e.g., Arctic Oscillation, El Niño), vegetation phenology, and fire over central and eastern Siberia using a combined analysis of satellite and climate data.
b. Background
The boreal forest covers approximately 1.37 billion ha, or 9.2% of the world's land surface (Roy et al. 2001) in a circumpolar complex of forested and partially forested ecosystems in northern Eurasia and North America. Under global warming scenarios coupled biome-climate models predict a significant reduction of the extent of tundra and a northward expansion of the boreal forest in Eurasia (Harding et al. 2002) . Annual temperature anomalies since 1850 over central Siberia show a trend toward warmer temperature anomalies (Fig. 1) . The residuals of the observed temperature anomalies from the linear trend fitted over the time series show warmer conditions than expected from the linear trend after 1990 (Fig. 1) . The lower troposphere of eastern Siberia to northern Canada also showed relatively warm spring temperatures in the 1990s (Overland et al. 2002) , with four particularly warm springs in the 1990s and four cold springs in the 1980s. The observed shift in wind fields from anomalous northeasterly flow in the 1980s to anomalous southwesterly flow in the 1990s during March and April in that region coincided with a systematic shift in the Arctic Oscillation (AO) near the end of the 1980s (Overland et al. 2002) . Surface air temperature and precipitation data from 1958 to 1999 from 10 meteorological stations in west Siberia were analyzed by Frey and Smith (2003) . Their findings show that west Siberia is warming and shows increases in precipitation (most notably springtime warming and winter precipitation increases), and the association of particularly autumn and winter temperatures with the AO. On average, the AO was linearly correlated with 96% (winter), 19% (spring), 0% (summer), 67% (autumn), and 53% (annual) of the warming (Frey and Smith 2003) . These observed temperature trends coincide with changes in solar radiation intensity recorded at the land surface. An analysis of incident solar radiation measured at 160 actinometric stations in the former Soviet Union showed a decreasing tendency in the time series of direct and global solar radiation between 1958 and 1993, with 60% of station records showing a statistically significant decrease (Abakumova et al. 1996) . This decline in solar radiation has become apparent in other observational records, too, up to about 1990. However, more recent surface observations from 1990 to the present, primarily from the Northern Hemisphere, show that this decline did not persist into the 1990s but has reversed to an increase since the late 1980s (Wild et al. 2005) . This was unexpected, given the vast amounts of volcanic aerosols emitted during the Pinatubo eruption in 1991. Whether this reversal of this "global dimming" effect is associated with the recent temperature increases in Siberia is unclear.
Research has shown that over the period 1980-95, year-to-year differences in the carbon flux from terrestrial metabolism have almost been as large as variations in the growth rate of atmospheric CO 2 (Houghton 2000) . Depending on the dominant processes, biosphere feedbacks to the climate system can accelerate or slow down climate change (Cox et al. 2000) . Fluxes of heat, water, carbon, and other greenhouse gases between the land surface and the atmosphere interact in complex nonlinear ways (Delworth and Manabe 1993; Koster et al. 2000) . The availability of long-term datasets of the state of the land surface-and particularly the biosphere-from satellite records creates new opportunities for quantifying land surface-atmosphere interactions.
Phenology investigates trends in the timing of recurrent seasonal events. A statistical framework for the analysis of Advanced Very High Resolution Radiometer (AVHRR) time series data is presented by de Beurs and Henebry (2005) . The same authors relate changes in normalized difference vegetation index (NDVI) to annual growing degree days. However, in their Kazakhstan study, de Beurs and Henebry (2005) find that significant changes in phenology were only detected for some land-cover types but not for others. For the Amazon Basin, Asner et al. (2000) find that the seasonal NDVI amplitude in the AVHRR time series from 1982 to 1993 increased during El Niño periods with low rainfall anomalies and decreased during wet La Niña episodes. Stockli and Vidale (2004) winter temperature and winter North Atlantic Oscillation (NAO) index. In a study of remotely sensed leaf appearance dates in central Siberia, Vicente-Serrano et al. (2006) find a strong correlation with sea surface temperatures over the equatorial Pacific of the previous summer, related to El Niño-Southern Oscillation patterns. Delbart et al. (2005) study the dates of the onset of green up and leaf senescence over central Siberia using the same phenology field data as in the current study together with three different spectral indices from the SPOT-VEGETATION sensor. They conclude that in the boreal biome NDVI-based greening-up dates are affected strongly by snow effects influencing the spectral signatures at the red and near-infrared bands. In contrast to NDVI, the normalized difference water index (NDWI) only shows a small snow effect. The estimated dates of leaf coloring in autumn show a lesser accuracy than the greening-up dates (Delbart et al. 2005) . Using the same SPOT-VEGETATION data and the AVHRR data record, Delbart et al. report an average advance of spring green up over Siberia of 3.5 days between 1982 and 2004. This trend varies spatially across regions and temporally. From 1982 to 1991 the start of the green up advanced by 7.8 days, but between 1991 and 1999 only random variation is observed, and from 2000 to 2004 a trend toward a later greening up by as much as 7 days is apparent (Delbart et al. 2006) . Satellite-derived phenology data offer spatial and temporal information but are not always consistent with field observations. Badeck et al. (2004) conclude that, while there is a qualitatively consistent advancement of vegetation activity in spring using ground observations, remote sensing, and the atmospheric CO 2 signal, the trends for spring advancement differ substantially between the different methods.
Analyzing NDVI data from 1981 to 1991 Myneni et al. (1997) observed a greening trend and an increase in growing season length in the Northern Hemisphere that they attributed to a biosphere response to climate change (predominantly temperature). Lucht et al. (2002) modeled this greening trend using a biogeochemical vegetation model and observed climate data. They found a setback in the greening trend after the Pinatubo eruption in 1991, an effect of the temporary cooling caused by the eruption. Subsequently, Slayback et al. (2003) showed that after the Pinatubo eruption in June 1991 a drop in NDVI was observed that was probably caused by reduced vegetation photosynthetic activity because of a dimming and cooling effect from volcanic aerosols. Nemani et al. (2003) showed decreased net primary productivity over Siberia over the same time period. The drop in NDVI reported by Slayback et al. (2003) was greater at higher latitudes, and particularly pronounced in the boreal zone in Canada and Siberia. It was so strong that Slayback et al. calculated NDVI trends for these regions over the 1982-99 period to be almost zero, despite the evidence for a Northern Hemisphere greening trend observed by Bogaert et al. (2002) using averaged NDVI values over the growing season. Gong and Ho (2003) analyzed the Pathfinder spring NDVI-temperature relationship over Eurasia and North America for 1982-2000 and found that rapid warming has resulted in an early growing season. The differences in remote sensing data processing methods and statistical analysis tools make direct comparisons between the aforementioned studies difficult.
Atmospheric oscillations have an impact on regional climatic variability and consequently vegetation activity. Los et al. (2001) and Buermann et al. (2003) found that two predominant hemispheric-scale modes of covariability are related to teleconnections associated with the ENSO and AO: While the warm event ENSO signal is associated with warmer and greener conditions in far East Asia, the positive phase AO leads to enhanced warm and green conditions over large regions in Asian Russia. However, Los et al. (2001) found a negative relationship between temperature and vegetation greenness at the time scales of variability of the NAO, a regional index related to the hemispheric variability in the AO, and ENSO for the Russian part of Asia during the 1980s.
In the recent past Siberia has experienced extreme fire years (Sukhinin et al. 2004) , which coincided with years in which the AO was in a more positive phase (Balzter et al. 2005) . Jupp et al. (2006) found that regional clusters of fire scars in Siberia occurred in places with dry precipitation anomalies at scales of tens of kilometers. Fires release carbon and aerosols into the atmosphere and can alter the carbon balance (Kasischke et al. 2005) .
The seasonal vegetation cycle is determined by temperature and moisture conditions and other factors (e.g., soil, plant species). Through the hydrological processes controlling evapotranspiration, temperature and moisture also influence the combustibility of the organic soil and litter layer and the forest understory. Because the seasonality of the greening up and senescence of plants is controlled by similar ecological processes as the forest fire regime, the two processes are interlinked. Forest fires play an important role in global atmospheric chemistry. Aerosol emissions from ground-based air samples at three Pinus sylvestris (L.) forest sites in central Siberia that were burned in an experiment ranged from 0.1 to 0.7 t ha Ϫ1 or 1%-7% of the total biomass (10-30 t ha Ϫ1 ) consumed during the experimental fires (Samsonov et al. 2005) . Anomalies in atmospheric trace gas concentrations from the Commonwealth Scientific and Industrial Research Organisation's (CSIRO) global sampling network in 1994/95 and 1997/98 are consistent with gas emission pulses from extreme fires in the Tropics and the boreal biome (Langenfelds et al. 2002) . For the 1997/98 burning carbon dioxide anomalies it is thought that 66% of the growth rate anomaly can be attributed to global biomass burning, of which 10% originated from the global boreal biome (van der Werf et al. 2004) . During the summer of 2003, forest fires in Siberia reached extreme levels. The smoke plumes were transported via atmospheric pathways from Siberia to North America, which was confirmed by atmospheric modeling and aircraft and ground observations (Jaffe et al. 2004 ). The carbon monoxide emissions from forest and peat land fires in Russia are consistent with anomalous atmospheric measurements observed in Alaska. Mattis et al. (2003) observed distinct aerosol layers in May and early June 2003 just above the atmospheric boundary layer (3-7 km), and a vertically homogeneous aerosol distribution that reached the tropopause at the end of June and in July. They suggest that the severe forest fires in Siberia in spring 2003 are the most plausible cause for these observed tropospheric dynamics. Backward dispersion modeling indicated that intense forest fires that occurred in Siberia and Canada in spring and summer 2003 were the main cause of the tropospheric haze layers (Muller et al. 2005) . Atmospheric transport of pyrogenic aerosols over intercontinental distances can be enhanced during El Niño events owing to the changed meteorological conditions over the Pacific, as was observed for aerosol pathways from Siberia to Canada in 1998 by Spichtinger et al. (2004) . For 1998-another catastrophic fire year in Russia- Kasischke and Bruhwiler (2003) have estimated that around 17.9 million hectares of land burned in the global boreal forest region. Conard et al. (2002) estimate that fires in the Russian boreal forest in 1998 contributed 14%-20% to the annual global carbon emissions from forest fires. As a result of a combination of human negligence, land use, and climate change the Siberian fire regime is expected to accelerate. Kharuk et al. (2005) study the periodicity of larch forest fires in Evenkia Oblast, Siberia, and found that on decadal time scales the number of fires regularly peaks at periods of 36 and 82 yr. Between the twentieth and twentyfirst centuries the mean fire return interval in Evenkia reduced from approximately 100 yr to about 65 yr (Kharuk et al. 2005 ).
Here we analyze 18 years of the fraction of absorbed photosynthetically active radiation (fAPAR) data from 1982 to 1999 derived from the NOAA AVHRR over eastern Eurasia. Indicators of the start, peak, end, and length of the growing season are extracted from the data with a local moving window regression approach. The phenological indicators are then statistically compared to regional-scale temperature and precipitation data as well as large-scale climatic modes of variability such as ENSO and AO to investigate climatic controls of the biospheric seasonality in the region. Seasonal shifts in vegetation activity can potentially have large impacts on biosphere-atmosphere exchange processes of heat, water vapor, and carbon dioxide.
Data and methods

a. Satellite data
The fAPAR is a biophysical parameter derived from NDVI data. The AVHRR Fourier-Adjusted Sensor and Solar zenith angle corrected, interpolated, reconstructed (FASIR) data used in the present analysis are derived from Pathfinder red and near-infrared AVHRR land data (PAL: see James and Kalluri 1994) corrected for residual effects of sensor degradation and inaccuracies in vicarious calibration, volcanic aerosols, bidirectional reflectance distribution factor (BRDF) effects, cloud effects in tropical forests, and short-term aerosol and cloud effects (Յ two months and missing data during winter in boreal forests). The fAPAR data for central and eastern Siberia were on a 0.08°grid scale with a temporal resolution of 1 dekaday (dad) (a roughly 10-day period from days 1 to 10, 11 to 20, and 21 to the end of the month). (Further information about this dataset can be found at http://islscp2.sesda.com/ ISLSCP2_1/data/vegetation/fasir_biophys_monthly_ xdeg/.)
b. The camelback phenology algorithm
An algorithm was developed to extract the timing of the start, peak, and end of the growing season over boreal Eurasia from phenological remote sensing data such as the AVHRR FASIR fAPAR dataset. Start, peak, end, and length of the growing season were automatically estimated. For each year, anomalies of the phenological indicators are calculated as deviations from their long-term average. The phenological anomalies are compared to a set of climate indicators and gridded climate data, and spatial correlation maps between climate variables and vegetation-season anomalies are presented. The algorithm is based on secondorder derivatives. The method is motivated by earlier work by Moulin et al. (1997) . From satellite observations regular estimates of fAPAR are available every 8, 10, or 16 days. The mathematical problem of identifying time points in this time series that indicate a phenological switch can be formulated such that the time point of the start, peak, and end in the phenological curve have to be determined. This problem was solved as follows. First, a window of 5-dad width is moved over the fAPAR time series for each pixel separately and within the temporal window a linear regression of fAPAR against time is calculated. The slope of this local regression is stored. In a second iteration, the second-order derivative is calculated using the same moving window linear regression. It is used to detect start, peak, and end of the growing season.
The following vegetation phenology indicators were defined: (i) The start of the growing season is the time point when the second derivative of the moving window regression (5 dad wide) reaches a local maximum within a 13-dad window, and the first-order slope is positive (fAPAR is increasing). (ii) The peak of the growing season is the time point when fAPAR reaches a local maximum within a 13-dad window. If consecutive fAPAR values have the same value, the peak is the time when this constant value is first reached. (iii) The end of the growing season is the time point when the second derivative of the moving window regression (5 time points wide) reaches a local maximum within a 13-dad window, and the first-order slope is negative (fAPAR is decreasing). (iv) The length of the green season is the difference between the end and start of the season. Multiple peaks do not occur in the boreal ecosystems studied here.
c. Climate data
The influences of the following climate variables on the phenological anomalies were examined over a region between 50°and 75°N, 85°E and 180°(centraleastern Eurasia): (Rudolf et al. 1994 (Rudolf et al. , 2003 To enable a grid box aggregation of the phenological anomaly data from AVHRR fAPAR time series data, the image files were cut out for the region between 50°a nd 75°N, 85°E and 180°and resampled from about 0.08°to 0.1°pixel size using a nearest-neighbor algorithm in the ENVI image processing software. A Pearson correlation coefficient was calculated over all years from 1951 to 2000 for the climate data and from 1982 to 1999 for the AVHRR-derived phenological indicator data. The statistical significance of the correlation coefficient r was tested using a two-sided t test with n Ϫ 2 degrees of freedom: t ϭ r ͌(n Ϫ 2)/(1 Ϫ r 2 ).
d. Phenology field data
Ground observations of vegetation phenology from Siberia were provided by V. Fedotova (St. Petersburg) for three locations within the study region: Ilir, Bratski district (53°13Ј0ЉN, 100°41Ј0ЉE) ; Taseevo, Luchki (57°0Ј11ЉN, 94°0Ј50ЉE); and Krasnoyarsk (56°0Ј0ЉN, 93°0Ј0ЉE).
e. Land-cover data
The global land-cover 2000 map (GLC2000) (Bartalev et al. 2003 ) was used to stratify the area by landcover type for parts of the statistical analysis. The GLC2000 data were filtered with a 9 ϫ 9 mode filter and then resampled to the same resolution as the fAPAR data, effectively assigning the most frequent land-cover class within each resampling window to the central pixel. The fAPAR images were reprojected from the Interrupted Goode's Homolosine projection to the geographic projection. Within each of the 30 GLC2000 land-cover classes the average start-, peak-, end-, and length-of-season anomalies was calculated for each year. A linear regression of the average anomalies was then calculated against time.
f. Burned area data
For the analysis of coupling of vegetation seasonality with the fire regime, burned area statistics from different sources were used. Remotely sensed burned forest area statistics of a large region of central Siberia from 1992 to 2003 (Balzter et al. 2005) were used. Observational evidence from the U. N. Environment Program (UNEP) 1998 (http://www.grid.unep.ch/activities/ global_change/russia.php) for east Siberia was also interpreted. Satellite-derived burned area data were published by Sukhinin et al. (2004) . Annual burned forest area statistics derived from SPOT-VEGETATION from 2000 to 2004 were available from Bartalev et al. (2007) .
Results
a. Validation of remote sensing indicators with phenology field data
The camelback algorithm was validated in a pilot study for the time period from 1995 to 1999 using the phenology field data at three locations described in section 2d. Sample fAPAR temporal profiles and derived first-order and second-order slopes for one year, 1995 (i.e., 36 dad), at a particular pixel location are presented in Fig. 2. Figure 3 shows the average and standard deviation of the Julian days of the available phenological indicators from field observations and remote sensing over the three sites and five years. The remotely sensed start of season falls on average between the snowmelt in the forest and the start of the movement of liquid in Betula pubescens (Ehrh.) and B. pendula (Roth). For the purpose of this study-to examine phenological anomalies-the camelback algorithm output is a valid indicator of the start of the season, even though it may indicate the end of snowmelt rather than the onset of photosynthetic activity. The latter event follows the former in natural environments. 
b. Land-cover analysis of phenological trends
In this section the results from the linear regression analysis of average phenological anomalies for each of the 30 GLC2000 land-cover classes against time are described. Tables 1 to 4 show the statistical results for the start- (Table 1) , peak- (Table 2) , end- (Table 3) , and length-of-season (Table 4) amounts of gases and aerosols into the atmosphere. This raises the question whether the anomalous aerosol load after the eruption led to a degradation of the satellite signal that affects the interpretation of the landcover-specific results, or had an effect on temporal trends by causing temperature and precipitation anomalies in the years after the eruption. To evaluate whether Mount Pinatubo had a marked effect on the detected trends in the phenological anomalies, we calculated the regressions of anomaly indicators against time excluding the years 1991-94 from the analysis. The main changes to the detected temporal trends in the remote sensing indicators are that by excluding the post-Pinatubo years (i) in addition to the detected 5 classes with a temporal trend, the start of season anomaly indicator shows "bogs and marshes" and "riparian vegetation" also as significantly advancing (negative slope, p Ͻ 0.1); (ii) out of the 16 classes showing an advance of the peak of season, this indicator no longer shows a significant trend for the class "shrub tundra" ( p just over 0.1); (iii) the trends of the end-ofseason indicator are not affected (19 classes showing a significant advance); (iv) the length-of-season anomalies no longer show a significant trend for 2 out of 4 classes with a significant shortening of the season, namely "prostrate shrub tundra" and "sedge tundra" ( p just over 0.1); (v) the sign of the slope of the trend is not affected for any of the land-cover classes showing a significant trend for any of the indicators with p Ͻ 0.1. It can be concluded that Mount Pinatubo did not have a significant effect on the temporal trends.
c. Modes of climatic variability and Siberian climatology
Temperature anomalies on a 5°grid were positively correlated with the annual Arctic Oscillation index (Fig. 5a , light green and blue colors) at longitudes between about 80°and 140°E. If the AO is in its positive phase, generally the annual temperatures in this region are higher than on average. This correlation is not significant in east Siberia beyond 140°E, which has a more oceanic climate. In fact, the correlations are slightly negative in the east, but not statistically significant. The annual El Niño indices Niño-1ϩ2, -3, and -4 did not show significant correlations with annual temperature anomalies for the vast majority of grid boxes. Precipitation anomalies show negative correlations with the El Niño indices Niño-1ϩ2 and -3 over large parts of the region, particularly east of 135°E (Fig. 5b , light red col- 
d. Climatic controls of phenology anomalies
Temperature anomalies were compared to the start-, peak-, end-, and length-of-season indicators from AVHRR fAPAR (Fig. 6) . Temperature anomalies between February and April are negatively correlated with the start of season anomalies (Fig. 6a ) because higher spring temperatures cause an earlier start of the growing season in the largely temperature-controlled ecosystems of Siberia. Temperature anomalies between May and July show a strongly negative correlation with the time of the peak of season (Fig. 6b) . Anomalously warm summers coincide with an earlier peak of the growing season. Positive correlations are detected between temperature anomalies from August to October and the end-of-season anomalies (Fig. 6c) , which means warmer autumn weather has the effect of delaying the end of the growing season. The length-of-season anomalies are correlated with a warm summer anomaly, averaged from April to September (Fig. 6d) . These results confirm the consistency of the remotely sensed phenological anomaly indicators.
ENSO and AO indicators were compared to phenological anomalies. The length-of-season anomalies show significantly negative correlations between the El Niño indicators and length-of-season anomalies in eastern Siberia (e.g., Niño-3 east of 130°E in Fig. 7a) . East Siberia had a shorter than average growing season in years with a positive El Niño index. Figures 7b-d reveal that in years in which the Arctic Oscillation is in a more positive phase the vegetation season tends to start earlier and reach its peak earlier but also end earlier in most regions than in an average year.
It is evident that the Arctic Oscillation index is correlated with heat waves in the more continental parts of central Siberia between 80°and 140°E (Fig. 5a ), but El Niño years do not show a strong correlation with temperature anomalies in the region at an annual time scale. Generally, the Arctic Oscillation index is not, however, correlated significantly with precipitation anomalies of the same year. This result confirms the study by Frey and Smith (2003) in which the AO was linearly correlated with only 17% (winter), 13% (spring), 12% (summer), 1% (autumn), and 26% (annual) of precipitation trends in west Siberia. On the contrary, the El Niño indices show a correlation between El Niño years and droughts in the north and in the oceanic climate regions east of 135°E (Fig. 5b) . Thus, a stratification of the region into continental climate (west of 140°E) and oceanic climate (east of 140°E) seems appropriate for understanding climatevegetation interactions in Siberia. The continental part of central Siberia is influenced more by the Arctic Oscillation, which is associated with temperature anomalies, while the oceanic part of east Siberia is influenced more by El Niño events in the Pacific, which coincide with dry years. This regional climatology suggests two separate mechanisms of climatic control of biosphere anomalies in Siberia: (i) in central Siberia the Arctic Oscillation and the corresponding heat waves in the positive AO phase control the timing of the growing season and (ii) in east Siberia El Niño-induced droughts control the timing of the growing season.
e. Climatic controls of the fire regime
The two mechanisms that were proposed in the previous section are likely to have an impact on the regional fire regime. The validated remotely sensed burned forest area statistics of central Siberia from 1992 to 2003 by Balzter et al. (2005) showed that the Arctic Oscillation together with summer temperatures can explain 80% of the interannual variability of burned forest area. Observational evidence from the UNEP showed that Khabarovsk Kray in the far east of Siberia usually has a warm and humid summer, but in 1998 saw a severe drought (more information available online at http://www.grid.unep.ch/activities/global_change/ russia.php). The UNEP reports that fires started in May 1998 and lasted until October. The number of fires recorded was 1028, and 18 enormous fires were registered, each one affecting between 200 and 350 km 2 . One million people were affected according to UNEP during weeks by smoke containing small particles and carbon monoxide. The UNEP states that the level of carbon monoxide reached between 3 and 13 times the maximum permissible concentration (MPC) over a period of weeks, with occasional levels reaching as high as 24 times MPC. The UNEP estimate is that the 1998 forest fires destroyed 20 000 km 2 of forest. An extreme El Niño year, 1998 saw huge forest fires in east Siberia but only moderate fire activity in central Siberia (Balzter et al. 2005) . (Bartalev et al. 2007) show that high fire activity over these five years in the Siberia macroregion coincided with a positive AO index (Fig. 8a) , while the far eastern macroregion had higher fire activity in years with a positive El Niño index Niño-3 (Fig.  8b) . Using forest fire statistics extracted from the dataset by Sukhinin et al. (2004) , it is evident that the most extreme forest fire years in the central Siberia region (the Siberia-II study region) coincide with the Arctic Oscillation in its positive phase (Fig. 8c ), but do not show an association with extreme El Niño years FIG. 6 . Correlation coefficient between annual temperature anomalies (CRUTEM2) and gridded vegetation phenological anomalies (from remote sensing) on a 5°grid.
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( Fig. 8d) . For the far eastern region the most extreme fire years also coincided with a positive Arctic Oscillation (Fig. 8c) . The two most extreme fire years happened in years with a positive El Niño index (Fig. 8d) . The observational evidence from different forest fire data sources, derived using different remote sensing data and methods, partially supports the hypothesis that the central Siberian "Arctic Oscillation-temperature mechanism" and the east Siberian "El Niño-precipitation mechanism" have an impact on regional fire activity.
Since 1950 the Arctic Oscillation shows a statistically significant temporal trend toward the positive phase (Fig. 9) , which is likely to lead to more frequent heat waves in central Siberia. El Niño indices also show a slight trend toward stronger El Niño years, albeit only the Niño-4 sea surface temperature has a statistically significant increasing linear slope (Fig. 9) . A possible consequence is an increased frequency of droughts in east Siberia with an accelerated fire regime.
Discussion and conclusions
The Arctic Oscillation is known to be associated with climatic variability over Eurasia. A correlation analysis of the northern Russian snow/ice season surface air temperature (T ) and winter (January-March) AO index from five stations showed that the winter AO accounts for 25%-50% of the winter and 15%-20% of the spring T variance between 1935 and 1999 (Kryjov 2002) . Gong et al. (2002) suggest that land surface forcings may play a considerable role in modulating the AO mode. Modeling evidence by Gong et al. showed that interannual variations in snow mass excite the AO pattern over the North Atlantic, produce correlated hemispheric AO features in the troposphere and stratosphere, and generate autumn sea level pressure anomalies over Siberia that evolve into the winter AO. These findings are consistent with the present study.
The Arctic Oscillation is correlated with temperature anomalies at longitudes between about 80°and 140°E, where a more continental climate prevails. If the AO is in its positive phase, generally the annual temperatures in this region are higher than on average. This correlation is not present in the region of east Siberia beyond 140°E, which has a more oceanic climate. El Niño years are associated with dry conditions in east Siberia.
The regional climatology of Siberia has implications for the fire regime. In the continental parts of central Siberia the Arctic Oscillation and corresponding hot years are thought to control the fire regime, while in east Siberia El Niño years and concurrent droughts are thought to play a major role. Evidence from burned forest area statistics of Siberia partially supports this hypothesis. Further research needs to be carried out to quantify the mechanisms that cause a coupling between regional and local weather conditions, snow cover dynamics, and the seasonal water cycle and the fire activity. A Siberian land surface experiment that unites surface-derived parameters with a land surface model that can be forced by weather data could be conducted to illuminate these mechanisms.
An analysis of the length of the growing season detected from remotely sensed fAPAR data between 1982 and 1991 showed a small increase of the length of season for the majority of land-cover classes (positive slope). However, an extension of the time series from 1982 to 1999 showed a slight tendency toward a shortening of the growing season for most land-cover classes. This change of direction coincided with a positive trend in the Arctic Oscillation between 1982 and 1991 ( p Ͻ 0.1) switching to a nonsignificant negative trend (n.s., p Ͼ 0.1) between 1992 and 1999 (Figs. 9c and 9d ). This suggests that the lengthening of the growing season described in the literature is a nonlinear phenomenon resulting from a combination of biospheric responses to greenhouse-gas-induced climate change as well as climatic oscillations. We observed an association of El Niño with variations in the length of the growing season for parts of the region. In El Niño years eastern Siberia showed a shorter growing season. When the Arctic Oscillation was more in its positive phase, the vegetation season tended to start earlier and reach its peak earlier but also end earlier in most regions. The results are consistent with the findings by Delbart et al. (2006) . For many land-cover classes we detected a shift toward an earlier peak and end of the growing season, which resulted on average in a slight shortening of the season between 1982 and 1999. Different land-cover types show different phenological responses to climate.
